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In recent years, thinking in the field of animal breed-
ing has come to focus more sharply upon the problem of over-
coming selection limits. Many selection experiments with 
livestock have reached a point of diminishing response, or 
have ceased to respond altogether. Furthermore, when the 
character selected has been subjected to natural selection, 
response is usually slow and uncertain from the very beginning. 
In more detailed experiments with laboratory animals the 
picture has been the same; the best responses are achieved 
when the character selected is not an important component of 
natural fitness (Robertson 19) and even with these, limits 
are ultimately reached. 
Physiological limits 
One can conceive of two basic types of selection limit - 
a physiological, or phenotypic limit, operating entirely upon 
the phenotypic expression of the character s and a genetic 
limit s operating at the genetic level, Independently of non-
genetic variability. Evidence concerning the first type of 
limit should be discernable In the phenotypic distribution and 
in the selection differential. Such a limit would be indicated 
by a skewness in the distribution of phenotypes toward the 
direction of selection s resulting from curtailment at that end. 
This curtailment would reduce the selection differential 
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attainable, which would be zero at the limit. Relaxed selection 
would permit some loss of selection gains through drift, and 
reversed selection would be immediately effective. Obvious 
examples of the physiological limit are seen in the characters 
percent pigmented skin and percent viability. Here the limit 
is inherent in the choice of the percent scale and vanishes if 
the scale is changed to an absolute basis, e.g. area of pigmented 
skin and total weight of survivors. Limits of this type do not 
present a serious problem to animal breeders. 
Genetic limits 
Genetic limits on the other hand are due to the exhaustion 
of genetic variance for the character concerned and may be 
subdivided according to whether there is a total absence of 
genetic variance, or an absence of additive genetic variance 
only. The former situation requires that the selected strain 
be homozygous for all genes affecting the character. The absence 
of any genetic variation would give heritability estimates of 
zero, and neither relaxation of selection, nor reversed selection 
would bring about any change in the level of performance. 
This was apparently the situation in F.W. Robertson's 
(195) small thorax lines of Drosophila, when they had reached 
a selection limit. They showed no response to selection in 
either direction, and the highly non-additive effects of cross-
ing and chromosome substitution4are typical of homozygous lines 
in Drosophila. This was not true of the large thorax lines 
from the same base populations, nor is it generally true of 
3 . 
selection limits reached without intense inbreeding. 
If genetic variation continues to be present at a genetic 
selection limit, it may be regarded as non-additive genetic 
variation s the result of effectively overdominant gene action. 
Otherwise, selection would have forced one allele to fixation. 
Overdominance on the scale of artificial selection may be 
illustrated by assigning to each homozygote a coefficient of 
selective disadvantage (s). Their relative selective values 
will then be: 
A1A1 	A1A2 	A2A2 
1-Si 	1 	iS2 
Under continued selection the frequency of A2 will reach an 
equilibrium at l/(l + 	This equilibrium will constitute 
a limit to further response and will be characterized by the 
absence of any genetic correlation between parent and offspring. 
This is true by definition, since equilibrium will be reached 
only when gene frequency in the offspring Is not changed by 
selection of the parents. In this situation, therefore, herit-
ability would be estimated at zero. Relaxation of selection 
would permit some loss of performance through drift, since any 
deviation of gene frequency from the equilibrium point would 
redp.ce performance. Reversed selection would not be effective 
until chance deviation from equilibrium of the gene frequencies 
had re-established in offspring-parent correlation. Thera.ore, 
response to reversed selection would be slow and uncertain it 
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first, but eventually the allele that had chanced to deviate 
above its equilibrium frequency could be fixed. The total re-
sponse to reversed selection would depend on which allele this 
happened to be. 
The foregoing has assumed that the locus concerned was 
neutral on the scale of natural selection. This may well be 
true for some loci, but, just as certainly, is not true for 
others. Where it is not true, the effective selection pressure 
will be the product of artificial and natural selection. 
Therefore, if a gene were to confer additive s beneficial effects 
on the scale of artificial selection s but adverse effects on the 
scale of natural selection, effective overdominance would re-
sult. This is illustrated in the following table, where the 
reasonable assumption (Fisher 1928) is made that the adverse 
effect on the scale of natural selection is recessive. 
A1A1 	AlA2 A2A2 
artificial 
selection 	1 	143a 	1-3 
natural 
selection 	1_gIl 	1 
composite 
selection 	i_sn 	143a 
pressure 
If the selective disadvantage (sn ) of the genotype A1A1 on the 
scale of natural selection were greater than the selective 
advantage of the Al allele (a), on the scale of artificial 
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selection, the locus would be effectively overdominant. Many 
genes are known with sn values as high as 1 1 (i.e. homozygotes 
are lethal or sterile), so it is perfectly reasonable to assume 
that overdominance of this type could also occur. 
The characteristics of a selection limit based upon this 
type of overdominance would be quite different from those of a 
limit based upon overdominance independent of natural selection. 
On the comDpsite scale upon which selection is really acting, 
there would be no parent-offspring correlation (again by def i-s 
nition). But measurements would be made only on the additive 
scale of artificial selection, and on this basis the parent-
offspring correlation, and therefore heritability estimates, 
may be high. Relaxation of selection (the artificial component) 
would allow natural selection to act unimpeded, and performance 
on the scale of artificial selection would decline accordingly. 
If the direction of selection were reversed, both artificial 
and natural components would be acting in the same direction 
and response should be immediate and rapid. In addition, the 
opposition of natural selection should be apparent in an associ-
ation between losses of zygotes and performance on the scale of 
artificial selection. 
A classic example of the latter situation Is 'pygmy', a 
small size mutant in the mouse described by King (1950). This 
mutant arose in a strain being selected for small size. It 
reduces size somewhat in the heterozygote, and more In the 
homozygote, which, however, is sterile. Thus, under the con- 
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ditions in which the gene was found, the heterozygote was at a 
distinct advantage, although the gene's effect on body size was 
additive. 
F.W. Robertson (1955) reports on a number of selection 
lines for thorax length in Drosophila. It has been stated 
earlier that the small lines, at the limit, gave every indi-
cation of fixation. However, when the large lines reached a 
limit, reversed selection was always effective l and, on relax-. 
ation of selection, the lines regressed toward the original 
level. It was concluded that selection for large size was 
synonymous with selection for metabolic and assimilatory ef-
ficiency (though not necessarily for over-all fitness), and that 
this was best achieved by heterozygous, rather than homozygous, 
combinations. 
A line of Drosophila selected for wing length without 
response between the 20th and the 50th generations was examined 
in some detail by Reeve and Robertson (1953). Despite its 
failure to respond, the line continued to yield heritability 
estimates of .51 and both inbreeding without selection and 
reversed selection resulted in a decline toward the original 
level. Further tests detected a third chromosome lethal gene 
segregating in the population. Possibly this was another ex-
ample of overdominance due to recessive lethality of a favour-
able gene. 
Selecting for high and low abdominal chaetae number in 
Drosophila, Clayton and Robertson (1957) found that limits were 
7 . 
reached between the 20th and 30th generation of selection, 
although, in most cases l genetic variance was apparently still 
present. In 7 out of 10 lines, lethal autosomal genes were 
found at high frequency, and it was considered probable that 
these were affecting the selected character favourably when 
heterozygous, yielding, once again, overdominance as the com-
posite scale of artificial and natural selection. 
Evidence of heterozygote advantage for economic character-
istics of poultry is reported by Briles (1954). Egg production 
in 3 inbred lines of White Leghorns was from 9 to 30 per cent 
higher for birds that were heterozygous at the B blood group 
locus. In the same lines, the hatchability of batches of eggs 
was found to have a high, positive correlation with the expected 
proportion of B locus heterozygotes amongst the embryos. In two 
of the lines,heterozygous cockerels were 7 to 10 per cent heavier 
at 9 weeks of age, but this was not true of the third, which 
indicates that the effect is not independent of the rest of the 
genotype. It is worth mentioning again that these lines were 
inbred. It is not certain that these effects of heterozygosity 
at the B locus would be observed In an outbred stock at a se-
lection limit for these characters. The results do, however 
indicate a pronounced effect of heterozygosity at this one locus 
in a background expected to be relatively homozygous. 
That heterozygosity tends to be favoured also by natural 
selection can be deduced from the extent to which highly inbred 
lines of poultry are found to be still segregating blood group 
IT 
alleles. Briles, Allen, and Millen (1957) reported finding 
segregation at the B locus in 71 out of 73 inbred lines (many of 
them -very highly inbred), while Gilmour (1959) found segregation 
at no less than 7 loci in a line of poultry that had been sib 
mated for l+ generations. But the effect is not limited to 
blood group loci, for Cock (1956) found similar segregation in 
inbred lines, for hypostatic' plumage colour genes. 
Overdominance for natural fitness in Drosophila has been 
found by Stern et al. (1952) who tested the competitive ability 
of heterozygotes for a large number of autosomal lethals against 
their normal sibs, and noted that a few were superior, and by 
Buzzati-.Traverso (1952) who found a light eyed mutant in 3 
separate stacks. He started populations in competitive con-
ditions with the gene at frequencies of . 125, .5 and .875, and 
observed that all 3 reached equilibrium at .6. This could 
happen only with selection for the heterozygote. Many other 
instances of overdominance have been reported (see, for example, 
Lerner 195)9 but those quoted will be suffi3ient to establish 
that the phenomenon is widespread. 
OVERCOMING. SEICTII LI34IT8 
What, then, can be done to overcome selection limits? The 
physiological limit, as we have seen, is not, in practice, a 
serious problem. 
Where the limit results from fixation s i.e. the absence 
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of any genetic variation, the solution is clearly to introduce 
some. This is best accomplished by 'outorossing', i.e. ±ntro-
ducing genetic material from another (not closely related) stock. 
Selection can then be continued from the F2 or a subsequent 
generation. The performance level of the outcx'ossed population 
will (discounting the F1) lie somewhere between the 2 parent 
stocks. Therefore, the outorossed population itself will not 
be an improvement over the best of the parent stocks. However 
renewed response to selection should make it possible ultimately 
to exceed the previous limits. 
This proved to be the case for 'natural fitness' of 
Drospi,ht].a in the experiment of Buzzati-..Traverso (195). He 
synthesized populations by combining 2 laboratory stocks, and 
subjected them to intense competition for 100 generations. At 
the end of the experiment, the populations exceeded the mean of 
the original ones by 800 per cent in 'natural fitness', expressed 
as the product of "sterility, fecundity, fertility, development 
time, and longevity". No direct evidence is given that the 
foundation populations themselves had reached a limit, but it is 
probably safe to assume this in view of the fact that the culture 
conditions In which they had been maintained would have been 
exerting constant selection pressure in that direction. 
The large thorax lines of Drosophila, selected to a limit 
by F.W. Robertson (19), provide further evidence for the 
effectiveness of this procedure. When these were crossed the 
F1s exhibited 'hybrid vigour' for the character, much of which 
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was lost again in the F2. Selection lines from the F2 9 however, 
surpassed the original limits by a substantial margin. 
This was not true of the small thorax lines • When they 
were crossed, the F1 was markedly larger than either parent, 
and the F2 still somewhat larger. Selection from the F2 succeeded 
in reducing the thorax length to the level of the original limit, 
but no farther. This intractable limit cannot be regarded as a 
physiological or phenotypic one s since even at the limit, vari-
ance remained very high. Nor can it be accepted that the origi.'. 
nal selection had rendered all the lines homozygous for the same 
genes, since this would leave unexp1ined the marked hybrid 
vigour observed on crossing. The interpretation put forward by 
the author was that the small size of these lines resulted from 
low metabolic efficiency fostered by homozygosis. If the effect 
of homozygosis was large in comparison with individual gene 
effects, the selection applied would rapidly render all the lines 
homozygous. They could have rather different gene contents but 
still reach a similar limit because the limit would be due more 
to homozygosity than to individual gene content. This can be 
seen to be the 'other side' of the overdominance observed in the 
large thorax lines; it might be termed 'negative overdominance', 
(i.e. overdominance for high expression of the character one is 
trying to reduce) which, if the effect is large, will impose a 
limit that would be difficult to overcome. Introduction of new 
genes would create heterozygous loci and continued selection 
would fix these without discrimination, amongst the alleles on 
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the basis of their homozygous effect. 
The practice of crossing and continuing selection was 
more successful in overcoming selection limits to high body 
weight in mice (Falconer and King, 193). Two high body weight 
lines of mice, considered on good evidence to have reached se 
leotion limits were crossed and selection was continued. The 
response achieved was comparable with that obtained by Falconer 
(1953) when he selected from a four-way cross of inbred lines to 
which no previous selection had been applied. The new line 
surpassed the limit of the highest parental line in about 8 genera.. 
ations, at which time response was still being obtained. 
Mutatioz 
Natural mutation cannot be considered a practical source 
of new genetic variation s but mutation can be induced by chemical 
treatment and by irradiation, and it is possible that genetic 
variation so induced could be utilized by selection. X-irradi-
ation is the only mutagonic agent to have been investigated as 
a source of utilizable genetic variability in quantitative 
characters of animals. Buzzati-.Traverso (19(b)) produced 
evidence on this also, and again the character he chose is fit-
ness of 2rosohi4a under competition. In one experiment, he 
established replicate isogenic lines of Drosophila under con-i 
ditione of competition such that the line was capable of producing 
220 eggs per female in 10 days' oviposition, and a total of 600 
adults from 3 days' eggs. The control did not change in these 
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respects in 27 generations, but, in the same period s a line 
receiving 1000 r. 7--irradiation per generation increased to 
330 eggs and 960 adults, while s in only 18 generations, a line 
receiving 2000 r. per generation was producing 520 eggs and 
1130 adults. In a similar experiment, isogonic lines were es- 
tablished which carried the gene 'spineless', a gene that elimi-
nates bristles and reduces fitness compared to the wild type. 
After 21 months in competitive conditions, only 12.9 per cent 
of the control line had recovered bristles, while flies receiving 
2000 r. per generation were 90.3 per cent bristled, and flies 
receiving +000 r. per generation were 98.8 per cent bristled. 
The 'new' bristles had not been recovered by simple back mu-
tation, because they were shorter than normal wild type bristles, 
and the lengths varied among replicates. 
Clayton and Robertson (1955) used 1800 r. per generation 
in an attempt to create utilizable genetic variance for abdominal 
ohaetae number in a line of Drosohi1a inbred by sib mating for 
28 generations. The variance of ohaetae number was increased 
by irradiation and over 17 generations some slight response was 
made in the irradiated high line (about 10 per cent). No re-
sponse was achieved in the low irradiated line or in either 
direction in non-irradiated lines. On the basis of the response 
in the high lIne s It was calculated that the Irradiation may 
have increased the production of genetic variance by mutation 
tenfold - to .06 units per generation which is still too little 
to be of practical value. 
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A much more optimistic note is struck by $cossiroli 
(1954) who applied 3000 r. per generation in an attempt to 
overcome high and low limits to sternopleui'al cbaetae number 
in Drosophila. With the upward selection s his success was 
spectacular. The irradiated lines, originally limited to 
27 chaetae, responded immediately, variance increased t and the 
best line went as high as '#+ ohaetae by the 17th cycle of se-
lection. The fact that lines in which irradiation was discon-
tinued after the 6th cycle responded in an identical fashion 
suggests that the new variability may have been produced in one 
or a few steps, instead of steadily and continuously, which 
would be preferable. There was no response in the control 
lines until the 11th cycle of selection, when one of the high 
selected controls began to respond. Its response was very slow 
compared with that of the irradiated lines. In contrast to the 
high selected lines, only one low selected line, (albeit an 
irradiated one), showed any response in moan or variance, and it 
only decreased by about 1 bristle to 13.7. Clearly, there is 
much more work to be done in this field, and, at present, one 
must conclude that although there is some reason for optimism, 
mutagenesis cannot yet be regarded as a practical source of 
quantitative genetic variation in animals. 
Selection for im-proved cross-brads 
There is another approach to the problem of overcoming 
selection limits caused by overdominance. At an overdominant 
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locus with all genotypes viable and fertile (e.g. Buzzati-
Traverso's 'light eyed' mutant or the 'B' locus in chickens) 
the frequency of the favoured genotype, (the heterozygote), will 
H 	< 	 c( 	 it 
not normally exceed one ha i4 But this frequekicy would e in-
creased to unity, with a corresponding increase in mean per-
formance, if the complementary alleles could be isolated in non-
interbreeding 'parent' stocks which would be crossed to produce 
the economic objective of selection. Two selection 'procedures 
designed to achieve this end are generally known. They have 
been given various names, but those to be used here are 'recipro-
cal recurrent selection' and 'recurrent to tester selection', 
'Reciprocal recurrent selection' requires two populations 
which will remain separate. Individuals of each line are mated 
to individuals of the other line. Those producing the most de-
sirable cross-bred progeny are then mated to individuals of their 
own line to produce the next generation. Selection is, thus 
within lines on the basis of crossing performance. 
'Recurrent to tester' selection differs from the above 
method in utilizing only one population, 'which is test-crossed 
to a standard tester strain instead of to a similar, comple-. 
mentary population. The tester will usually be an inbred line 
and no selection will be applied to its 
These systems of selection were evolved by maize breeders, 
Hull being, apparently, the first to use them — in 191+2 and 
subsequently (Hull 1952). They have been compared in detail by 
Comstock et a].. (19+9) and Dickerson (1952), whose algebraic 
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treatments of the single locus case led to the following 
generalisations. (1) Unless overdominance is important neither 
method will be as efficient as individual or family eelection 
because both require the testing of cross-bred progeny, which 
extends the generation interval. (2) Their expectations are 
the same for performance of the initial cross. (3) Ultimate 
cross-bred performance may be lower for 'recurrent to tester' 
selection, since there is no scope for improvement of the fixed 
genotype of the tester. (4) With reciprocal recurrent selection, 
the possibility exists that the gene frequencies of the recipro-
cal groups will be at the equilibrium point, or will deviate 
from it in the same direction. When the latter situation pre-
vails, the first effect of selection will be to drive both to 
the equilibrium point. Once they are there, no progress can 
be made until one deviates, by chance, in either direction. 
When this has happened selection will be able to drive them 
farther apart, and the rate of response will increase as they 
are separated. Not until the gene frequencies are separated 
by about *5 will the rate of response equal that initially ob-
tainable with recurrent to tester selection. 
Bell et p1. (195) have compared reciprocal recurrent and 
recurrent to tester selection with other methods of selection 
In Drosoithila for fecundity (mean daily egg production over a 
3 or 4 day test period). The other methods were selection in 
a closed population, and a single selection amongst the 7s of 
highly inbred lines. In the first experiment the actual en- 
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tenon of selection was an index placing equal selection 
pressure on fecundity and egg length. After 16 generations of 
selection s closed population selection and reciprocal recurrent 
selection had achieved identical gains of about 5 per cent in 
the Index, but reciprocal recurrent seleetion had achieved its 
gain primarily in fecundity, whereas closed population selection 
had achieved Its main success in egg length - a highly heritable 
trait. Since all the selection methods except closed population 
selection are designed expressly for situations where henita-. 
bility is low, the Improvement of fecundity provided the im-
portant comparison, and the Inclusion of egg length in the index 
was seen to merely confuse this comparison. Another confusing 
feature of the first experiment was the high initial fecundity 
of the recurrent to tester flies, due, apparently, to favourable 
interaction with the inbred chosen as tester. As a result of 
this high initial performance, the recurrent to tester line still 
performed best after 16 generations of selections despite the 
fact that it had improved very little over that period. In 
crosses amongst inbred lines, one Fl was found that exceeded all 
the other selection methods for fecundity. In a second experi-
ment, the confusing features mentioned above were eliminated by 
using fecundity as the sole criterion of selection and by in-
tentionally choosing as tester for the recurrent to tester method 
an inbred which gave a cross performance close to (actually some-
what below) the level of the base population. The second experi-
ment was continued for 39 generations and its results were 
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largely in agreement with theory. The initial response of the 
closed population selection exceeded by a wide margin that of 
reciprocal recurrent and recurrent to tester selection. But in 
only 7 generations closed population selection reached its maxi-
mum point, while both other methods obtained fairly steady re-
sponse throughout 1 and eventually surpassed it. Once again 1 
an P1  of inbred lines was found that exceeded the attainments 
of the other selection methods. The base population used in 
these experiments was synthesized from 8 inbred lines and was 
neither at a selection limit or in genetic equilibrium, so one 
must assume that utilisation of additive genetic variation was 
responsible for much of the response to selection achieved by 
reciprocal recurrent and recurrent to tester selection. However, 
the ability of these methods to exceed the limit of closed popu-
lation selection suggests that they may have been able to uti-
lize genetic variation (presumably overdominant) that was not 
available to closed population selection, and encourages an 
optimistic view of their value. 
A somewhat loss optimistic view is recorded by Rasmuson 
(196) who compared reciprocal recurrent selection with closed 
population selection for egg production, hatchability of eggs, 
and body size in 2rosonhi1. In these experiments, the closed 
population selection was designed to be exactly equivalent to 
the reciprocal recurrent selection. Selection was entirely 
based upon progeny tests of males; females were not tested, and 
individual merit was not considered. Neither selection method 
made a lasting improvement over the initial level for any of 
the characters selected, but in all cases there was a tendency 
for the cross-bred products of reciprocal recurrent selection 
to perform slightly better than the products of closed population 
selection. For egg production, this advantage was 6 per cent 
over 20 generations of selection, and was statistically signiflu. 
cant. For hatchability and body weight, selected, respectively, 
for 13 and 6 generations, the advantage averaged less than 
2 per cent and was not significant. The base populations for 
the reciprocal recurrent selection were not closely related but 
were combined into one base population for the closed population 
selection. It was the view of the author that the advantage of 
the cross-bred flies resulted from favourable interaction of 
gene arrays fixed in the two reciprocal populations which, in 
the closed population line s were broken up by recombination. 
Overdominance was not thought to be Important, since, if it had 
been, the advantage of the reciprocal recurrent selection flies 
should have increased. 
Bowman (1958) employed recurrent to tester selection for 
high litter size in mice and for low abdominal chaeta number in 
Drosophila. In the first case, he was dealing with an Important 
component of natural fitness, in which genetic variation would 
be expected to be predominantly non-additive. Contrary to 
expectation, the cross of the outbred population to the inbred 
tester chosen produced females having smaller litters than the 
mean of the parent stocks. The interaction wasp thus, unfavour.. 
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able from the standpoint of this selection programme. Selection 
was continued for + cycles, in which time an increase in litter 
size of approximately 10 per cent was achieved. But it was 
concluded that the improvement could be accounted for on the 
basis of additive variance s and would have been achieved just 
as easily by closed population selection. 
In the Drosophila experiment, the selected line was one 
that had been selected to a limit for low number of abdominal 
chaetae, and, consequently, this experiment should have pro-
vided a direct test of recurrent to tester selection in over-
coming a selection limit. Once again, initial deviation of the 
cross from the parental mean was contrary to the direction of 
selection, so the interaction that existed was not favourable. 
Fourteen generations of selection succeeded in reducing bristle 
number by about 20 per cent in the test cross, but the change 
was closely paralleled by a similar reduction in the bristle 
number of the purebred selected line. Thus, once again the re-
sponse to selection could be accounted for on the basis of addi-
tive variance s which would be better utilized by closed popu-
lation selection. 
I%c 
A statistical test for overdorninanc, 1 based on the corre-
lation between individuals' pure and cross performance, and sub-
ject to the limiting assumption of no interaction between non-
alleles, was applied in these experiments. It detected very 
little overdominance for litter size in the mice, and none at 
all for abdominal chaeta number in the DrsoDhila. 
20. 
BACKGROUND TO THE PBESEIIT EXPERIMENTS 
The recurrent to tester selection experiment of Bowman 
(198) dealing with litter size of the mouse, seems to be the 
only study of recurrent, or reciprocal recurrent selection on 
a mammal yet reported. Since these methods are currently being 
recommended to practical animal breeders, further experimental 
evidence of their value, especially in relation to the alterna-
tives available, is clearly of urgent importance. The oppor-
tunity for just such an experimental project arose with the 
presence in the mouse laboratory at the Edinburgh Institute of 
Animal Genetics of + lines of mice all apparently at a selection 
limit for +2 day weight. Reciprocal recurrent selection was 
clearly indicated, since all the lines were much larger than 
any inbred line that might have been used as a tester for re-
current selection. In particular, the RCL line, designated 
hereafter as the R line, seemed to be suitable material for 
reciprocal recurrent selection, since t despite Its long history 
of selection, segregation of distinct small deviants was noted, 
giving the impression of considerable non-additive genetic 
variability. Crosses between this and other large lines ex-
hibited heterosis (deviation above mid-parent) of about 
5 per cent. Of the remaining large lines only the NP line, 
referred to hereafter as the N line, was available in sufficient 
numbers to be used as the complementary line. 
ike. t& 	(tc ckS CL'('. 	 ckct 	ckLoct 	k4*L-ic 
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History of the purebred lines 
The R line was synthesized from the Goodale and MacArthur 
large selected lines, the stocks actually used having been 
maintained for a time, with continued selection, in the Edinburgh 
Institute of Animal Genetics mouse laboratory. Goodale males 
were mated to MacArthur females to produce generation 0 of the 
R line. Until generation 12 9 the line was maintained with 
21+ single pair matings, selected within and between litters for 
weight gain between weaning (at 21 days) and 1+2 days of age. 
Thereafter, only 12 matings were made per generation, and se-
lection was practised.within litters only, for total 1+2 day 
weight. Throughout, litter size was standardized to 8 four 
of each sex if possible. 
The mean 1+2 day weight of the initial generation was about 
31 gm. It increased fairly steadily to 37 gm. by generation 19 9  
but then dropped precipitously to about 27 gm. by generation 21+ 
(the minimum point of 21 gm. is not considered to be reliably 
estimated). Thereafter it recovered to about 32 gin., very little 
better than the base generation, by generation 36 when the line 
was discontinued. The foundation stock for the reciprocal re-
current selection experiment was taken from generations 29 and 
30, i.e. about half way through the recovery, or second response, 
phase. 
The foundation for the N line was synthesized from 1+ inbred 
lines, CBA, Rill, C57,  and A, (Falconer 1953).  Selection for 
1+2 day weight was applied within litters (both first and second 
Ilk. 	4 	&re 	t r d. 
. Tc. 4- 1.O'c 	 q.o& s 
i1v:Q 
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litters prior to generation 7), and the number of matings made 
was 6 initially, but was increased to 10 after generation 22. 
As in the R 1ine litter size was standardized to 8 1 approxi-. 
mating to + of each sex. 
The mean weight (sexes averaged) wasp at the outset, about 
22 gin., and response to selection was fairly steady until gener-
ation 27, when the mean weight had reached 30 gm. Throughout 
generations 28 to 54 0 there were minor trends, but, in general, 
the mean weight stayed between 26 and 29 gin. Back selection 
from generation 3+ was effective, indicating the presence of 
additive genetic variance s despite inability to increase the 
character further. The result of relaxation of selection from 
generation 27 was inconclusive, since, although the relaxed line 
did decline, the selected line declined also, and the two did 
not separate. The foundation N mice for the reciprocal recurrent 
selection experiment were drawn from generation +7. 
Generation means for the R and N lines are plotted by 
generation in Fig. 1. Further consideration is given to these 
purebred lines in the discussion later in this thesis. For the 
present, it is worth noting that during the course of the 
experiments described here, (generations R2936 1 and Ni7.), the 
trend in both stock lines was positive. There is, therefore 
reason to believe that a positive environmental trend existed 
during this period, although, particularly in the R line, it is 
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Fig. 1. Generation mean 1f2 day weight (sexes averaged) of the H and N selection lines, 
plotted against generations - selection relaxed, 	'.; selection reversed, -------- 
The break in each graph results from the suspension of weighings during an out-
break of disease. 
The bracketed point is not considered to be reliably estimated. 
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general Droced%ure 
This work was carried out in the mouse laboratory, at the 
Institute of Animal Genetics, in Edinburgh. The general pro-
cedure was in keeping with that normally used there, and was 
as follows. Mice were kept at approximately 700  F. in metal 
cages ,with sawdust bedding, and wood wool nesting material. 
The cages were cleaned once per week. Water was constantly 
available, as was food, which was provided in the form of a 
standard cubed diet. Births were ascertained each morning, and, 
if any were found s recording and adjustment of litter size were 
carried out irnniediately. Mice were weaned at 21 days of age, 
at which time they were identified individually by ear clipping. 
In general, no more than 4 of these large mice were kept in a 
cage. 
Two major environmental changes took effect during the 
course of this experiment. The mice were moved to a new animal 
house while the litters of generation 2 of the reciprocal re-
current selection experiment were being reared, and for the 
final generation the diet used was altered by the addition of 
supplemental vitamins. These changes may have contributed to 
the variation between generations, but have not done so de-
cisively enough to warrant any correction for them. 
The character selected. 
The total variation of 2 days weight derives from vari-
ation in both weaning weight and subsequent weight gain. But 
2+. 
since there was very little within-litter variation in weaning 
weight, the within-litter selection for 1+2 day weight that had 
been practised previously in the R and N lines may be regarded 
as selection essentially for weight gain between weaning and 
+2 days. Changing to selection between litters would, however, 
bring selection to bear on the very considerable between-litter 
variation in weaning weight, and would thus constitute a sub-
stantial change in the criterion of selection. Since the re-
ciprocal recurrent selection programme necessarily entailed 
selection between litters, it was thought best to circumvent 
this problem by selecting for post-weaning weight gain only. 
That this was equivalent to the selection previously applied 
to the R and N lines, is shown by the very high within-litter 
correlation between total 1+2 day weight, and post-weaning gain. 
For females from the later generations of the B line, this corre-
lation, on 39 degrees of freedom, amounted to .9 1+ 9 a very highly 
significant value. 
Scale 
The evidence has generally indicated the use of a loga-
rithmic rather than an arithmetic scale in analyses of body 
weight in the mouse (see e.g. Falconer 1953, Chal 1956), and 
some indications in this data (correlation of mean and standard 
error) point, strictly speaking, in the same direction. But, 
since the range dealt with is not very great, and frequency 
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Fig. 2. Per cent frequency histograms of gain (weaning to 2 days) for the male mice of 
the reciprocal recurrent selection experiment, (a) deviations of litter means from gener-
ation means; (b) deviations of Individuals from generation means. 
The abscissa is divided into units of 1 gin. 
R and N refer to the R and N lines. RT and NT refer to test-cross progeny of 
males of the line designated. 
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any marked asymmetry, the labour of transforming the data to a 
logarithmic scale was not considered to be 3ustified. The a-
rithmetic scale was therefore used in analysis. 
RECIPROCAL RECTJPRENT SELECTION 
METHOD 
The mating system 
The object of the reciprocal recurrent selection programme 
was to select, iithin each of the lines, those animals capable 
of producing superior cross-bred offspring when crossed to the 
complementary line. The 'crossing ability' of individual males 
was assessed by mating each to a sample of females of the comple-
mentary line. To minimize the generation interval, these 'test-
cross' matings were followed imnediately by matings to a sample of 
females of themales' own line • In this way, the purebred off-
spring of the latter matings were ready for mating shortly after 
the information from the test-crosses was available. A new 
generation was then made up in the following ways the purebred 
sire progenies were ranked according to the crossing ability of 
their sire; males for the next generation were chosen from the 
top 3 or 14- sire progenies; females for pure matings were chosen 
as required from the top ranking sire progenies; females from 
the remaining sire progenies were used for test-crossing. This 
system is illustrated in Fig. 3. 
Theoretical considerations suggested that each sire should 
be appraised on the basis of 2 or 3 test-cross litters and it 
was necessary that each should also sire 2 or 3 purebred litters. 
The maximum number of mice that could be caged together was 59 
hence harems of 4 females were considered optimum, and an effort 
was made, though not always successfully, to allot harems of this 














Sire progenies contributing 
Males 
-.--- Females for purebred matings 
Females for test—cross matings 
Purebred matings 
R. STOCK 	 N. STOCK 
Fig. 3. Schematic representation of the reciprocal recurrent se-
lection method employed in this experiment. From generation 1 on-
wards, purebred generations are considered as distributions of sire 
progenies, distributed according to the performance of the sire's 
test-cross progeny. RT denotes test-cross progeny of R males and 
NT denotes test-cross progeny of N males. 
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and, when a reasonable number of these had mated, as diagnosed 
by the presence of a vaginal plug, ihesweswere transferred to the 
harems for pure-breeding. The harems were separated before 
births began, and, thereafter, litters were treated as described 
earlier. The experiment continued through 5 generations a 
base generation designated generation 0 9 3 selected generations, 
designated generations 1 1 2, and 3 9 and a 'final assay', gener-
ation 1+, the parents of which were not selected but, rather, 
were drawn as a representative sample from the generation 3 
animals. To provide a comparison with these 'final assay' cross-
breds, contemporaneous crosses were made using parents from the 
laboratory stocks of the R and N lines that had not been subjected 
to reciprocal recurrent selection. These latter 'unselected' 
crosses were made in single pair matings, and, since they were 
involved in another experiment which required second litters, 
some of the dams were mated at post 2.c.rtum oestrous, and were 
pregnant while nursing the litter that is of interest here. These 
are the only ways in which their management differed from that of 
the 'final assay' cross-breds of generation +. An unrelated con-
trol line, mated so as to minimize inbreeding, was maintained by 
single pair mating in synchrony with the test-crosses. 
A&iustinent of litter size 
Throughout this experiment litters were reduced at birth 
to a predetermined maximum size, but no attempt was made to 
augment with fosterlings those litters with less than the maxi- 
28.. 
mum number. In generations 0 through 3, test-cross litters 
were reduced to a maximum of 6 with sexes balanced, but, in 
generation +, the maximum was increased to 8 1 with sexes 
balanced, to agree with the 'unselected' crosses in which 
standardization to 8 was dictated by the requirements of another 
experiment. In generations 0 and 1, purebred litters were re-
duced to a maximum of 10 9 approximating to 6 females and 4 males, 
but mortality of litters of this size was so high that, in gener-
ation 2, the maximum was reduced to 6 with sexes balanced. High 
mortality continued to be an urgent problem, and, in generations 
3 and +, the maximum size of purebred litters was raised to 8, 
including as many as 6 females, in an effort to obtain enough 
purebred females to maintain the size of the experiment. The 
control litters were always reduced to 6, with sexes balanced. 
Departures from the nian 
It wc.s originally intended that both test-cross and pure-
bred litters should be born to dams of first parity, but it was 
soon apparent that the purebred lines were not sufficiently fecund 
to replace the entire female population on this basis. Therefore, 
females of second parity were used for some of the test-cross 
matings. Second parity females made up part of each test-cross 
harem in generations 1 and +, and all of the test-cross harems in 
generation 3. Only in generations 0 and 2 were all litters born 
to females of first parity. In some generations, the difficulty 
of replacing the female population necessitated also a reduction 
'-7. 
in the size of the harem allotted to each male. The number of 
males of ech stock designated for testing in each generation, 
varied 
somtwhat 
 according to the number of females available. 
Table 1 summarizes, for the entire experiment, the number of 
males tested, the size and composition of harems, the procedure 
for limiting litter sizes and the fecundity realized. 
RESULTS 
$election achieved 
Assessment of the selection differentials in this experiment 
is a complex procedure. The crossing performance of the sires was 
evaluated in test-cross matings with females not themselves evalu-
ated. The best estimate of a sire's crossing performance is, 
therefore, twice the deviation of his test-cross progeny from 
the generation mean of test-cross progenies. But, since the 
females used in purebred matings were not evaluated eitherp this 
figure was halved again to give the expected crossing performance 
of the sire's purebred progeny group. The purebred progeny groups 
were ranked accordingly, and the resulting distribution was truncat-
ed according to requirements for males, females for purebred matings, 
and females for test-cross matings, thus establishing different se-
lection differentials for each of these classes. The selection 
differentials thus established for males and 'females for purebred 
matings' were averaged to give the selection differential ap-
propriate to the mean of the next generation of purebreds, and 
these values, accumulated throughout generations, provided the 
30. 
Table 1 
Details of population structure and fecundity for the re-























F 	s 	H 
RT 0 9 4 6(3 	: 3) 22 2.8 247 
R 0 9 3 10(6 : 1.6 28 22 
RT 1 13 3 1 6(3 	: 3) 2.2 25 2.6 
R 1 13 10(6 : 2+ 3.3 2.7 
RT 2 10 6(3 	: 3) 23 267 2.7 
R 2 10 6(3 	$ 3) 167 L, 9 2.0 
RT 3 11 3 60 z 3) 2.2 28 26+ 
R 3 10 3 8(6 	: 2) 1.5 3.1 2.7 
RT 20 1 1 8( 1+ 	: .) 1.2 3. 3.2 
R 19 1 8( 1+ 	: ) .6 2.7 2.1 
NT 0 9 3 6(3 	: 3) .6 3.0 2.2 
N 0 9 10(6 : +) 2.0 3.5 3.1 
NT 1 13 2 2 6(3 	: 3) 1.2 242 3.1 
N 1 13 10(6 2 ) 169 3.3 2.5 
NT 2 10 + 6(3 	i 3) 1.5 2.7 2. 
N 2 10 6(3 	: 3) 1.2 1.9 2.3 
NT 3 12 3- 6(3 3) 69 2.1 2.0 
N 3 10 2-3 8(6 	: 2) 1.3 2.9 2.5 
NT 4 20 1 1 8(4 : +) .7 2.+ 2.5 
N 4 19 1 8(4 s +) .+ 1.8 295 
31. 
cumulative selection differential for the purebred generations. 
For any group within a generation (males, test-cross females, 
etc.) the selection differential was calculated as the cumu-
lative selection differential applied to the generation mean s 
plus the selection differential applied within the generation 
to that specific group. The selection differential appropriate 
to each test-cross generation was taken as the mean of the se-
lection differentials applied to the two parent groups. 
In some cases It was found necessary to use females of 
second parity, from the previous generation s for test-crossing. 
Since these Included some originally designated for purebred 
matings and others originally designated for test-crossing, they 
comprised a now groupIng s with a selection differential different 
from either of the previous groupings. The 1+th generation cross-
bred groups were produced by females from two different gener-
ations with different selection differentials, which made it 
necessary to weight the selection differential of each gener-
ation according to the number of females it contributed. 
The accumulation of selection pressure is illustrated in 
Fig. 4. The selection differentials, both 'expected' and 'real-
ized' are tabulated In Table 2. It is apparent that very little 
selection was actually achieved in the course of the experiment. 
In + generations of selection, a total 'realized' selection 
differential of only 1.48 gm., very little more than one standard 
deviation of sire meana l had been applied in the R line, and the 
total selection differential applied in the N line was actually 
Fig. 11.  Diagrammatic representation of the reciprocal 
recurrent selection experiment as actually carried out. 
Numerical entries are cumulative, realized se-
lect ion differentials. 
RT and NT denote test-crosses of R and N males 
respectively. 
Lines join parental groups to their offspring 
curved lines being used between females and second pari-
ty offspring. 
Circled numbers on lines connecting generation + 
test-crosses with their maternal parent groups Indicate 
the number of maternal parents coming from each source. 
Sire progenies contributing: 
Males 
- Females for purebred matings 
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Table 2 
'Expected' and 'realized' selection differentials in gm. gain between 21 and +2 days 
of age, applied to the various groupings in the reciprocal recurrent selection experi-
ment. 'Expected' selection differential is that obtained when a sire's test-cross 
performance is weighted by the number of his progeny selected. 'Realized' selection 
differential Is that obtained when the weighting Is by the number of his progeny rear-
ing offspring. Where two classes of test-cross females contributed to one generition, 
the encircled numbers Indicate the number of each class involved, R and W are the 
purebred lines HT Indicates test-cross progeny of R males and NI' those of N males. 









of 	Ex- 	Real- Ex- 	Real- 	Average Used 	Ex- 	Real- Used 	Ex- 	Real- 
Gen. pected Ized pected Ized realized in gen. pected ized in gen. pected Ized 
R0 .35 .35 .01 .21 .28 
Rl 1.20 1.31 .79 .55 .93 NT2 -.76 	-.92 NT3 .31 .09 
R2 1.25 1.33 -.12 _.31 .50 NT 
- .07  ..,44 
-.27 -.32 -,07 -.12 -.22 
01 
NTi -.05 	-.20 
Total 2.53 2.67 .61 .30 1)48 
NO  .06 .07 .214 .19 .13 
N1 .614 .62 .31 -.15 .2+ RT2 .06 	0 RT3 -.08 -.14 
N2 .12 0 -.28 -.16 -.08 RTI® -.28 -.13 
N3 -.65 -.014 -1.08 -.92 -.148 RT) -.7 	-.57 
Total .17 .65 -981 -190+ -.20 
1&) 
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negative, amounting to -.20 gm. 
The inability to apply much selection becomes an important 
aspect of the assessment of this experiment. It results from 
the poor fecundity of the purebred lines, and will be discussed 
later in that context. It is worth noting in passing, however, 
that the realized selection differential of sires to produce 
females is, in almost every case, less than expected. Now the 
expected selection differentials are weighted according to the 
number of female progeny used in the next generation, while, for 
the realized selection differential, weighting is by the number 
of female progeny that actually reared offspring. Thus there is 
a suggestion that the sires with better crossing ability produced 
daughters with lower fecundity. 
Response to selection 
The realized selection differential appropriate to each 
test-cross generation is tabulated in Table 3 with the corre-
sponding generation mean performance (sexes averaged) of test-
crosses and purebreds. The unselected control is included also, 
as an indicator of environmental effects. The same generation 
means are depicted graphically in Fig. 5. Judging from the 
control generation meansp there appears to have been a positive 
environmental trend through generation 3 followed by a drop in 
generation i. This being the case s it seemed appropriate to 
correct the experimental data for this environmental trend before 
considering it further. Accordingly, each generation mean was 
R 
0 13.88 ± .22 19.88 ± .65 
1 1+.19 ± .23 18.8+ t .214 
2 1+.53 ± .23 19.82 ± .32 
3 114.814 ± .15 20.80 ± .314 
14 114.12 ± .33 19.26 t .54 
N 
114.914 t .39 
17.07 ± .15 
17.57 t .28 
18.146 ± .16 
16.66 ± .26 
3)#. 
Table 3 
Cumulative selection differentials appropriate to each test-
cross generation, and generation means and standard errors of 
test-crosses, purebred lines, and unselected control. Also 
included are the performance of the 'final comparison' cross-
breds, and regressions of mean performance on generations. 
Units are gm, gain between 21 and 142 days of age. 
NT 	 RT 
- r 	 1 
	
Cumulative 	 Cumulative 
Gen. Control sel. diff. Mean 	sel. diff. 	Mean 
o 13.88 t .22 0 19.28 ± .50 0 18.16 ± .18 
1 14. 19 t .23 .O+ 20.56 ± .20 .18 19.2 ± .18 
2 114.53 ± .23 .06 20.7+ ± .22 .86 19.76 ± .114 
3 114.814 ± .15 .37 21.66 ± .+1 1.26 21.10 ± .16 
# 114.12 ± .33 .80 20.72 ± .22 .70 19.78 ± .16 
b=.11t.12 	b.140.2l 
Final comparison contempo- 
raneous with gen. 14 	21.49 ± . 1+6 
b = .51 t .25 
19.87 ± .21 
b=.11±.12 	b.07±.27 
	
b = .1+8 t .39 
Fig. 5. Generation mean gain (weaning to +2 days; sexes aver- 
aged) of mice reared in the reciprocal recurrent selection ex- 
periment. R and N are the pure lines; RT and NT are test-cross 
progeny of males of the line designated; C is an unselected con-
trol line; PC is the "final comparison" referred to in the text. 
Vertical lines depict standard errors. 
Fig. 6. As above, but corrected by subtraction of the control 
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reduced by the appropriate control deviation from generation 0, 
which is equivalent to standardizing the environment to that of 
generation 0. The corrected data is tabulated In Table 4 and 
depicted graphically in Fig. 6. 
It can be seen there that the correction has not fully re-
moved the trend observed in the generation means of the experi-
mental animals, which brings into question the adequacy of this 
control line as an indicator of the effect of environmental 
changes on the much larger, and highly selected, experimental 
animals. It is possible that the reactions of the experimental 
animals to environmental influences were stronger than those of 
the controls, in which case full correction would require that 
the control fluctuations be increased by an appropriate factor. 
However, in the absence of further Information on this point, 
the correction used is the only one warranted. 
The trend remaining after correction in the performance of 
the test-cross generations corresponds closely to the cumulative 
selection differential, which, taken at face value, would mdi-. 
cate a heritability of crossing performance greater than 1. Of 
course, when the total selection applied is so small, this close 
relationship cannot be taken seriously, but it remains possible 
that the selection applied has had some effect. 
The crucial test of the effectiveness of this selection 
method is the comparison of these 'selected' crosabreds with 
cross-breds of the same lines, differing only In that they have 
not been subjected to reciprocal recurrent selection. Such 
39. 
Table 4. 
Cumulative selection differentials for test-cross 
generations with corrected generation means, standard 
errors, and regression of means on generations for 
test-cross and purebred .1ce. Correction is by sub-
traction of the appropriate control deviation from 
generation 0. Units are gin, gain between 21 and 42 
days of age. 
NT 	 RT 
Cumulative Corrected 	Cumulative Corrected 
Gen. 	gel. diff. 	mean sel, diff. 	mean 
0 0 19.28 ± .50 0 18.16 ± .18 
1 .0+ 20.25 t .20 .18 18.91 t .18 
2 .06 20.09 t .22 .86 19.11 t 
3 .37 20.70 t .+l 1.26 20.11+ t .16 
1.. .80 201~8 t .22 .70 19.51~ ± .16 
b=.28t.11 b=.1~0±.lI+ 
R N 
0 19.88 .65 11~.91~ t .39 
1 18.53 .21~ 16.76 t .15 
2 19.29 t .32 16.92 .28 
3 19.67 .31~ 17.50 t .16 
1~ 19.28 t • 51 16.1~2 .26 
b = -.Ol t .20 
	
b = .37 ± .28 
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'unselected' cross-breds were obtained by crossing animals from 
the laboratory stocks of the R and N lines, which had been sub-
jected to continued within-litter selection only. The performance 
of these 'unselected' cross-breds, reared contemporaneously with 
generation i, is given in Table 3 with the designation 'unselected 
final comparison'. In each case the performance of the 'unselected' 
group slightly exceeds that of the 'selocted' so it is clear 
that, in this experiment, reciprocal recurrent selection has 
yielded no advantage over the continued 'within-litter' selection 
practised in the other segments of the lines. 
Correlation between purebred and test-cross performance 
If the reciprocal recurrent selection were achieving its 
purpose of rendering the purebred lines homozygous at over-
dominant loci, the performance of the purebred lines would be 
expected to decline as the performance of the crossbreds im-
proved. The R line does, in fact, provide a contrast to the 
test-crosses, in that its regression of corrected performance on 
generations is virtually zero (-.01 ± .20). But the difference 
between this regression and those of the test-cross groups is 
not significant, and depends entirely upon the high performance 
of R0, which, being based upon a small sample of R0 litters, is 
not estimated very accurately. The regression for the N purebred 
0 line, (.37 + - • 2o), is positive and very similar to those of the 
test-cross groups. 
A more critical evaluation of whether the animals best in 
test-crossing are worst in pure-breeding is available in the 
38. 
correlation, within generations, of sires' test-cross and pure-
bred performance. These correlations, for R and N males in each 
of the 5 generations, are presented in Table 5. The sire means 
used here are means of litter means within the sire progeny 
group s with sexes averaged. They are based on from 1 to 2 
individuals in from 1 to 4 litters. The correlation for H sires, 
pooled for all generations, is -.1339 and that for N sires is 
-.211. The y2 test shows no heterogeneity between male lines, or 
Table 5 
Correlation between sire mean performance (mean of 
litter means within the half-sib family) in test 
crossing and pure-breeding. 
Sires of 
Line 	Gen. n r 
H 	0 
1 13 .171 
2 9 -.O+6 
3 9 -.)+37 
9 -.2+1 
pooled -.133 
Heterogeneity M2 = 3.220 9  
d.f. = 9, P ) .95 
N 	0 It. -.338 
1 8 -.362 
2 6 -.27+ 
3 8 -.166 
5 .3It3 
pooled -.211 
All data combined 	-.+20.r 	-.155(.135 
39. 
generations, so all of the data are pooled to yield a combined 
estimate of r = -. 155. The  95 per cent confidence limits of 
this estimate are -.+20 and +.1359 so it is not significantly 
negative. Still, this test provides a suggestion, if not 
concrete evidence s that improvement achieved in the crossing 
performance of these lines would be at the expense of purebred 
performance. 
Ana1sis of variance 
Since the population structure in the reciprocal recurrent 
selection programme was one of half- and full-sib families it was 
possible to carry out a three-tiered hierarchial analysis of vari- 
ance (with correction for unequal subclass numbers) to obtain 
variance ratios which estimate (1) the proportion of the variance 
due to differences between sires, (2) that duo to differences 
between dams, and (3) that due to the two together. The mean 
squares calculated, and the components of variance they estimate 
are tabulated below. 
Mean square 	 Estimates 	Component 
Half-sib family means 	E + nD + runS 	S 
Litter means within E + riD 	 D half-sib families 
Individuals within litters E 	 E 
where E = the variance within litters 
due to dams 
S =" 	H 	 " sires 
= " number of individuals per dam 
M = 	11 dams per sire. 
11.0. 
The genetic significance of the observed variance components is 
as follows:- 
Observed component Genetic interpretation 
S 	 *VA 
D 	 *VA+VD+VE C 
E 
S + D + E 	 VP 
where: (using the terminology of Falconer, 1960) 
VA = the additive genetic variance 
VD = " variance due to dominance 
= " environmental variance between litters 
VEW = of 	 " 	 within 
Vp = phenotypic variance. 
The terms additive and dominance are used here in a sta-
tistical sense that does not correspond exactly with their genetic 
meaning. An 'additive' effect is the average effect of a gene 
when substituted In the population under consideration. 'Domi-
nance' refers to effects specific to certain genotypes which 
cancel one another over the whole population, giving an additive 
effect of 0. With these meanings, these terms are applicable to 
both purebred and test-cross populations. 
An analysis of the above type was carried out for each sex 
in each generation of each breeding group (R, RT, N, NT), and 
the variance ratios from each generation were combined to give 
estimates for each sex and for sexes combined, within each breed-
group. The method used for combining the variance ratios was 
+1. 
proposed by Dr. B. Woolf (personal communication). Briefly, it 
consists or weighting each variance ratio by the reciprocal of 
its sampling variance s and taking the weighted mean as the best 
combined estimate, its sampling variance being the reciprocal of 
the sum of the weights. The method also yields approximate X 2 
values for the departure of the combined estimate from 0 1 and 
for heterogeneity amongst the Individual estimates. 
The combined estimates, with their standard errors and 
approximate 	values are tabulated in Table 6. The total degrees 
of freedom for each group is given as an indication of the amount 
of data involved. On average, this was divided amongst about 2 
dams per sire, each with about 3 measured offspring of each sex. 
The data used In this analysis was not 'good' from a sta-
tistical point of view. Half-sib groups varied from 1 to about 
12, and certain individuals (particularly In the R line), that 
were markedly smaller than their litter mates were included, 
since there was reason to suspect that their atypical performance 
had a genetic basis, and no rational justification for excluding 
them could be found. Furthermore, the estimates varied consider-
ably between generations and sexes occasionally to the extent 
of producing a significant heterogeneity L2. It would therefore 
be unwise to thaw very detailed conclusions from the analysis. 
The conclusion to be drawn here - that genetic variation is evi-
dent in both purebred and cross-bred groups - seems amply justi-
fied, however. 
The sire variance component (S) estimates j of the additive 
Table 6 
Combined estimates of variance ratios with standard errors and approximate X2 tests for deviation 




d.f. S ± s. e. 	2 Hot D ± s.e. (S+D) ± s.e. 
I 
He t. 
3 189 . 1+8 ± .07 	+6.89 15.83 -.0f ± .07 .41 6.95 	.32 ± .08 
*4 
13.91 3,43 
' 3 171+ .21+ ± .10 5,1+1+ 
* 








28.09 -.01 ± .06 .01 14.85 	.29 ± .06 
*4 
22.25 5.29 
*** 1+ 	336 	.07 ± .07 	1.04 2.25 .16 ± .08 3.50 5.1+3 • 34 t .06 27.15 3.18 
*4* 1+ 325 	.17 ± .10 3.32 	.99 .33 t .09 12. 1+2 2.26 .58 ± .05 120.95 3.314- 
9 	661 	.11 ± .06 	3.66 3.91 .2f ± .06 14.16 9.1+6 .1+9 ± .014 11+0.59 i 1+.o14. 
3 	188 	.21+ t .10 	5.59 6. 1+0 -.01 t .08 	.01 8.29 .314 t  .08 22.62 1.1+3 
4*4 
3 165 	.08 ± .13 	.31+ 1.74 .36 ± .14 6.31 1.98 .55 ± . 07 55.16 14.69 
* 	 *4* 
































9 	290 .15 ± .07 1+.26 9.70 -.04 ± .08 .22 10.53 .38 ± .06 1+2.90 26.90 












genetic variance. When it is divided by the total observable, 
or phenotypic, variance (S + D + E = Vp), the resulting ratio 
the sire variance ratio - estimates of the proportion of the 
total phenotypic variance that results from additive genetic 
differences. This proportion is generally called the herita-
bility (h2 ). The sire variance ratio for the R pure line, sexes 
combined, is unreasonably high (.+0 ± .06). The same sires 
crossed to N females, and the N sires in both purebred and test.'. 
cross matings accounted for a more reasonable, but still large, 
proportion of the variance of their offspring (RT, .11 ± .06; 
N, .18 ± .08 9 NT, .15 t .07), thus leaving an impression of 
considerable--- 	genetic variation in all groups. 
The darn variance ratio estimates (i V + * VD + VEO)/Vp, 
and is therefore expected to exceed the sire variance ratio by 
(i V + VEO)/Vp. It. is surprising to find that many of the dam 
variance ratios computed here are smaller than the corresponding 
sire variance ratios in fact s some are negative. When the sexes 
are combined, only the RT group, which is admittedly the best 
estimated, has a dam variance ratio greater than its sire vari-
ance ratio. Now the darn component of variance was estimated from 
the difference between the darn mean square (E +nD) and the within.. 
litter mean square (E). Thus any external influence operating 
to bias upward the within-litter variance will bias downward the 
estimate of D. Intra-litter competition and social order could 
have had such an effect, since these litters were frequently 
caged together during the growing period, but, at present, there 
is no evidence that this has actually happened here. 
An external influence biasing the dam component of var!.. 
ance (independent of the within-litter component) wou1d by a 
similar argument introduce an opposite bias to the sire com-
ponent since the sire component (S) is estimated by subtraction 
of (E + nD) from (E + nD + nmS). There is no direct evidence of 
this happening either but it is a possibility, especially in 
view of the unexpectedly low dam variance ratios found in some 
groups. This type of bias would be cancelled out of the combined 
sire and dam variance ratio, (S + D)/V?, which gives it an ad- 
vantage as a basis for estimating heritability. In this data, 
the (S + D) variance ratio has the additional advantages of some-
what more consistancy between the estimates for the two sexes 
and a generally high level of significance as indicated by the 
approximate 	for departure from 0. Only in the NT group does 
the approximate heterogeneity x2 reach significance. The chief 
disadvantage of using the (S + D) variance coriponent to estimate 
heritability is that it estimates more than the additive genetic 
variance. It is expected to include i VA + i VD + VE0. It is not 
possible to say how large VD  and  VEC  were in this experiment, but 
if they were very important, one would expect the dam variance 
ratio to be higher and more consistent. Even so, if they were 
80 high that the additive variance accounted for as little as 
half the (S + D) variance ratio, the very high observed values• 
(.29 to • )+9) would still indicate heritabilities greater than 
.29, which can be regarded as a useful heritability. It seems 
+5. 
quite safe s therefore to assert that the two purebred lines still 
contain considerable genetic variability which is evident in both 
purebred and cross-bred matings. 
The bearing of this finding on the interpretation of the 
genetic situation in the purebred lines will be touched upon under 
the appropriate subheadings In the discussion at the end of this 
thesis. But of more Immediate Interest is the fact that the 
failure of the reciprocal recurrent selection programme. cannot, 
in the light of this evidence, be attributed to the absence of 
genetic variation for crossing performance. 
Fecundity  
A striking feature of the reciprocal recurrent selection 
experiment was the very poor fecundity of females of both pure-
bred lines. Most of the R females mated, as diagnosed by the 
presence of a vaginal plug, but many could never be diagnosed 
as pregnant. Others diagnosed to be pregnant at about 10 days 
gestation were never found with a litter, or lost their litter 
at parturition. Parturition was often prolonged, and sometimes 
retained embryos could be palpated after parturition was ap-
parently complete. Dissection of the female some weeks later 
sometimes revealed the remains of these retained embryos. Prolonged 
and difficult parturition was, If anything, more common in test-
cross than in purebred matings, and was fully as common amongst 
second parity females that had successfully reared their previous 
litter as amongst females mated for the first time. 
6. 
N females generally bore litters but, with purebreds 
especially, the young often died within the first week. The 
reason was apparently starvation, since the young appeared 
normal at birth, but never seemed to be woll fed. When found 
dead, they were generally thinner than at birth. 
This poor fecundity was partially responsible for the 
disappointingly small amount of selection achieved in the course 
of the reciprocal recurrent selection experiment. In generation 
0, only 5 litters irere reared from 27 females mated to 9 males. 
This was not considered a sufficient appraisal upon which to 
base any selection, so males for tho next generation of testing 
were chosen at random. In subsequent generations, selection was 
applied in the N line on the basis of what information was avail-
able, but this was always sparse, and it was usually necessary 
to take females for purebred matings from the progeny of sires 
with below average crossing performance. After the three gener-
ations of selection, it turned out that the total selection 
applied to the N purebred line was actually negative. 
The RT matings were fairly reliable, so selection applied 
to the R line was quite well founded. It was still necessary, 
however l to use in purebred matings females from sire progenies 
ranking below the mean, which impeded the accumulation of se-
lection pressure. 
In order to maintain the size of ttis experiment without 
using females of second parity, it was necessary that 2 purebred 
daughters should be reared for every female mated for pure 
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breeding. That is, a female replacement rate of 2 was essential. 
Over the period covered by this experiment, the laboratory stock 
of the R line, maintained with continued within-litter selection 
for +2 day weight, averaged just about exactly this, 163 daughters 
reared from 81 females mated. During the same period, the average 
female replacement rate in the N laboratory stock s also maintained 
with continued within-litter selection for +2 day weight, was 
slightly better, 169 daughters reared from 79 females mated. In 
the reciprocal recurrent selection experiment s however, the 
female replacement rates, which are presented by generations in 
Table 79 fell considerably below the critical level. The very 
low replacement rates of generation 2 reflect the drastic, aril, 
Table 7 
Female replacement rates for the R and N lines 




Laboratory stock 	 2.0 	2.1 
Reciprocal recurrent se-
lection experiment, generation. 
1 	 2.0 	1.6 
2 .7 	.6 
3 	 1.5 	1.6 
	
1.6 .7 
as is now obvious, unwise reduction of litter size at birth 
that was practised In that generation. But even in generations 0 1  
1 9 and 3 9 where up to 6 females per litter were kept (which meant 
that very few were discarded) the female replacement rate was 
inadequate. The deficiency in the replacement rate of the re-
ciprocal selection females, when compared with the contemporaneous 
laboratory stocks, may have resulted In part from a lower mating 
and/or conception rate due to harem mating, but it could also 
have been a direct result of the type of selection employed. 
It is clear from the foregoing that there was a heavy loss 
of zygotes in the R and N pure lines. Table 8 gives a picture of 
the amount of loss occurring at various stages of development. 
The data on the right-hand side of this table comes from gener- 
ations 2 3 and + of the reciprocal recurrent selection programme, 
(- 	 c( <r t-k) and from generations 0 to 3 of line 1RN 4 - a highly fecund line to 
be discussed later, which is included here for comparison. 
Of all the females put up in matings, only 3f per cent In 
the R line, and 29 per cent In the N line reared any offspring, 
while 96 per cent did in the RN line. Amongst those that did 
rear offspring, the pre-weaning loss (after reduction) was about 
1 mouse In the R and N linesp but only .3 In the RN line. This 
figure is a gross underestimate of the actual pro-weaning loss, 
since It does not include the cases in which the entire litter 
was lost. These are Included in the previous category as females 
not rearing a litter. The reason for this highly artificial 
classification is that, owing to the propensity of the mouse to 
Table 8 
The loss of zygotes at various stages in the R. N, and RN lines (RN was developed 
from the cross of the other two). The data on the left side refers to females dis-
sected about the 17th day of pregnancy; that on the right refers to first litters 
reared In generations 1, 2, and 3 of the reciprocal recurrent selection experiment 
and generations 0 to 3 of the RN line (described In the next section). 
Dissected when 17 days pregnant In litters reared 
No.of No.of 
ovu- embryos Litter 
latlons alive at No. size a- Adjusted 
No.dls- (corpora No. Im- dis- rearing rearing live at litter No. 
Line 	seated lutea) planted section litters litters recording size weaned 
R 	32 16.7 13. 2 10.3 42 3+ 7.4 6.]. 5.0 
N None dissected 33 29 6.6 5.9 
RN 	2# 13.5 11.6 10.7 42 96 10.5 6.0 5.7 
.0 
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eat her stillborn, and sometimes her liveborn, young, it is not 
possible to be certain whether or not a female has had a litter. 
The above classification is therefore the only one that can be 
made with certainty. 
The data on the left-hand side of Table 8 comes from 
females that wore dissected when about 17 days pregnant t for 
the purpose of counting corpora lutea, implantations and live 
embryos. The number of corpora lutea was accepted as an indicator 
of the number of ova shed. The R females used here were taken 
from the laboratory stock dur1n the period covered by the re-
ciprocal recurrent selection experiment. The RN females used 
were sisters of the other RN females appearing in the table. If 
these figures can be accepted as estimates for the population, 
the mean size of the litter found alive at recording may be com-
pared directly with the dissection data. The pre-natal losses 
then appear to have occurred fairly equally in the following 
periods: (1) pre-implantation, (2) implantation to 17 days ges-
tation, (3) 17 days gestation through birth to the time of re-
cording births. The above is true for both R and RN females 
but the loss, proportional to the mean number of ova shed, is 2 
times greater in the R females so that, while they shed more ova 
(16.7 vs. 13.5)9 their litter size at recording was smaller 
(7.+ vs. 10.5). 
Since this high loss of zygotes was observed in lines that had 
ceased to respond to selection for 2 day weight, it is reasonable 
to enquire whether or not it was the manifestation of natural so- 
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leotion opposing a further increase in this character. If this 
was a factor contributing to the high proportion of females 
failing to rear offspring, the mean +2 day weight of this class 
should have been greater than that of fecund females. This 
possibility is examined in Table 9 9 where mean differences and 
Table 9 
Mean 2 day weight difference (gm.), non-fecund minus 
fecund females with degrees of freedom and t values. 
Mean +2 day weight difference (gm.) 
non-fecund - fecund 
Females R I 	I N 
of dlfibr- differ- 
Generation ence d.f. 	t ence d.f. t 
1 .37 38 	1.21 1.30 38 1.48 
2 .-1.6+ 26 	1.59 -1.00 21 .81 
3 - .30 17 	.17 - .62 17 1.13 
t .05 2 (40 d.f.) = 2.02 
t values are Dresented for non-fecund vs. fecund females from 
generations 1 1 2 and 3 of the reciprocal recurrent selection 
experiment. The differences are not consistent, and none of the 
t values even approach significance, so it must be concluded that 
this data gives no support to the supposition of association 
between 	day weight and non-fecundity. 
The possibility remains however, that natural selection 
was operating within the litters of fecund females eliminating 	
IV 
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the zygotes with the highest potential 2 day weight. If this 
was the case s there should be a negative correlation between the 
+2 day weight of the darn and the proportional loss of zygotes 
subsequent to fertilization. The correlations presented in 
Table 10 provide some information on this point, though their 
value is limited by the small numbers involved. The only signifi-
cant correlation in this table, that for 'per cent pro-weaning 
survival' in generation R, is opposite in sign to those for the 
other two generations, so it cannot be regarded as indicative of 
a general trend. On the other hand, the correlations with litter 
size for the N line, though not individually significant, are 
consistently negative for the three generations, providing some 
indication that the larger females did bear smaller litters. 
There is no direct evidence that this is the result of higher 
pre-natal loss, but it probably is, since the correlation between 
body size and litter size is usually positive. 
The picture that emerges, then, is one of progressive 
extinction of the selection experiment due to very poor general 
fecundity. In the R line, the poor fecundity bore no apparent 
relationship to body weight, but an association is suggested for 
the N line though it is not statistically significant. 
CONCLUSIONS 
The two main conclusions that can be drawn from this experi-
ment are (1) that, despite the apparent presence, in the purebred 
lines, of genetic variance for crossing ability, the reciprocal 
Table 10 
Correlations of 42 day weight of dam with number of ovulations and per cent pre- and 
post-lrnplantatlonal survival in one group of Ft line dissections and with litter size 
alive at recording and per cent pre-weaning survival in generations 2, 3 and + of the 
reciprocal recurrent selection experiment. 
	
T Correlation with 	 Correlation with 
+2 day wt • of dam +2 day wt • of darn 
I 	 1 	 I 
% Pre- 	% Survival txmis of 	Litter size 
implantation implantation gener- alive at Pre-weaning 
Line n Ovulation survival to dissection atlon 	n 	recording survival 
2 18 .17 .26 
R 	22 	.2 	-.09 	-.01 	3 13 -.08 .22 
1• U -.18 
2 12 -.2+ -.16 
N 	 None dissected 	 3 13 -.28 
8 -.08 .24 
r .0 (21 d.f.) = 
c1f, 
recurrent selection programme has railed to yield any improvement 
in that character, and (2) that the most immediate reason for this 
failure was the small amount of selection achieved, which resulted 
largely from very poor fecundity in the purebred lines. The ex-
periment will be given further consideration in the discussion at 
the end of this thesis. 
SELECTION FROM A CROSS-BRED FOUNDATION 
Selection in the F2 and subsequent generations of the cross 
between the R and N lines was an alternative way in which the se 
lection limits apparently reached In these two lines might be over-
come. Such selection was practised contemporaneously with the re-
ciprocal recurrent select: .on experiment, using the test-cross mice 
as the foundation stock. 
From the test-cross progeny of generation 1 of the reciprocal 
recurrent selection experiment, equal numbers of each sex were 
drawn from each of the reciprocal test-cross groups (RT and NT). 
Within each test-cross group, mice were drawn equally (as nearly 
as possible) from each sire progeny. This provided a base popu-
lation of F1 animals combining a representative sample of the 
genetic material of each parent line. In drawing this sample, no 
attention was given to the character to be selected. 
The chosen animals were mated in single pair matings, between 
Individuals from different reciprocal groups (i.e. NT x RT and 
RT x NT). Care was taken also to avoid 'parallel' matings (i.e. 
two matings that would produce offspring more closely related than 
two others taken at random). The F2 generation so produced was 
the foundation generation (gen. 0) of a line to be selected for 
weight gain between weaning (at 21 days of age) and +2 days of 
of age. This line, designated lEN was carried through 3 selected 
generations (RN19 2  and 3) by 10 single pair matings, with males 
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removed before parturition (except in gen. 1RIi0) to prevent mating 
at post iartuin oestrous. Litters were reduoed to 6 - three of 
each sex as nearly as possible. Weaning and rearing were as described 
above In the section on general procedure. The selection was 
practised within litters the best performing male and female from 
each litter being selected as parents of the next generation. These 
were mated systematically in a manner that introduced no new inbreed-
ing in the + generations of interbreeding (lRN 3 ). Two additional 
'reserve' matings, with parents taken at random from among the Un.-
selected animals, were made up in each generation, and in gener- 
ation 2 one of thesi was substituted for a litter that died before 
weaning. 
The above procedure was repeated, beginning with mice from 
test-cross generation 2 to produce another line designated 2RN. 
Twenty-two F2 litters were produced in this line. From each of 
20 of these the highest and the lowest performing mouse of each 
sex was selected as parent stock for a high line (2RNH) and a low 
line (2RNL) - each of 20 litters (with 2 unselected extra litters). 
These high and low lines being reared contemporaneously, provid3d 
a more accurate measure of the effectiveness of selection than 
could be obtained by comparison of successive generations. 
From test-cross generation 3 1 10 matings were made to pro-
duce a third !2 generation (3RN0). 
Just prior to the birth of the last generation of mice reared 
in this experiment, the food used in the mouse laboratory was altered 
by the addition of supplemental vitamins. To provide a check on 
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the effect of the supplement, only half of each RN group was given 
the new food, the other half being kept on the food used previously-. 
The groups so divided were 1RN3 1 2RNH, 2RNL, and 3RN0. In the case 
of the 2RNH and L groups, the performance of the mice receiving 
the supplemental food was significantly higher than that of those 
receiving the old food, so statistical computations were carried 
out on a 'within food' basis. The effect of the food in the 3RN0 
group was less, and not statistically significant, but was still 
considered large enough to justify confining analyses to a 'within 
food' basis. In the 1RN3 group, the effect of the food difference 
was very sinail and it was considered safe to disregard it in a-
nalyses. 
RESULTS 
Estimation 01 heritability 
The best method of estimating the expected effectiveness of 
selection or heritability (h2 ), in a population of single pair 
matings is regression of the performance of offspring on the per-
formance of their parents. The regression of offspring on the 
mean of the parents, or mid-parent, estimates the heritability-
(h2 ) and the regression of offspring on either parent individually 
estimates one-half the heritability (h 2). In cases where there 
is a maternal effect correlated with performance for the character 
under consideration, the regression of offspring on the dam will 
be an over-estimate of 	since the performance of the offspring 
will be more influenced by that of the dam than by that of the 
sire. The rogresion of offspring upon mid-parent will still 
provide a valid estimate of the expected change in the character 
under selection, as long as the correlation between performance 
and maternal effect is genetic. If the correlation Is not genetic 
the regression of offspring on darn will be an unreliable indicator' 
of h2 , which will be better estimated as twice the regression of 
offspring on sire. 
There is I priori justification for considering the re-
gressions In the RNt generations separately, since these are re-
gressions of F2 offspring on F1 parents. The genetic variation 
amongst the F1 parents must be due to the effects of genes still 
segregating In one of the parent lines when in heterozygous 
combination with the homologous alleles from the other line. 
This may bear very little relationship to the total genetic variance 
In the F2 and subsequent generations where there may be segregation 
at every locus. For this reason the offspring-parent regressions 
of the three F2 generations (1RN0, 2RNo, and 3JN0) are presented 
separately from those of the subsequent generations. 
The F2 generations were produced by equal numbers of the 
two reciprocal matings, RTT x NT? and NT x RT 	Since NT and RT 
differed In their average performance the sums of squares and cross 
products (for 2RN0) were computed within reciprocal groups and 
pooled. Since neither the pooled regression nor the pooled sum 
of squares for parents differed appreciably from those computed 
for the entire generation the latter were used. 
It has been stated earlier that generations 1RN3 0  2RNH and L, 
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and 3R110 were divided and reared on two different foods. The 
mean performance of the two groups was practically identical in 
1RN3 1 but there was a difference in 2RNH and L and in 3RNo. There.. 
fore, in the latter two groups, sums of squares and cross-products 
were computed within food groups and pooled. 
Heritability estimates for the RN mice are based upon the 
pooled sums of squares and cross-products of all selected gener-
ations. Agreement between the generations Is io1js good, but it 
is unlikely that the differences that do exist reflect real genetic 
differences. This being the case, the pooled estimate is the best 
obtainable. 
The regressions of offspring mean (sexes averaged)on mid-
parent, dam, and sire for the RN lines are presented in Table 11. 
The regression of RL.J (F2) offspring on the mean of their F1 
parents was expected to be small, and it is, in fact, virtually 0. 
But their regression on their dam Is high (.36 ± .139 P<.025), 
while their regression on their sire is negative (-.09 ± .08, P>.05)  
though not significant. The explanation that comes most readily 
to mind is that the F1 dams exerted upon the performance of their 
offspring a very considerable maternal effect which was positively 
correlated with their own performance. The data provides no further 
insight into this possibility, however, and since it is not im-
portant to the interpretation of this experiment, It will not be 
pursued further. 
The offspring-parent regressions In the selected generations 
provide a basis for estimating the harItbi1itv (h2'I nf thA nhArnnfar 
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Table ilk 
Regressions of offspring (mean of the sexes) on mid-parent 
for weight gain between weaning (21 days of age) and 112 




ation d.f. IX 2 1 xy 	I Y 	 b 	1 
lRN 9 	25.9+ 9.97 8.11.2 
20 13.67 -5.36 3 1l-.47 
3RN 0 
within 	8 	15.95 -1.66 12.15 
food 
Al]. RNO pooled 	37 	55.06 2.95 55.04 	.05 t .17 
(N.S.) 
9 8.10 11.53 112.30 
1RN2 	 10 26.114 11.15 21.83 
1RN3 	 10 28.71 7.72 12.21 
2RNH + L 	within 	36 189.95 68.91 66000 
food 
Al]. RN 	pooled 	65 	253.20 99.31 114 2.3 1~ .39 ± •()8 selected (P.&.001) 




2RNH + L 	within food 36 
All RN 	pooled 	65 selected 
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Table 11B 
Regressicns of offspring (mean of the sexes) on dam for 
weight gain between weaning (21 days of age) and +2 days 
of age. 
Gener 	 Dam 	Offspring 
ation d.fe 2 x2 1 xy 	y2 	b 
1RN0 	 9 	5.56 4.93 8.42 
2RN0 	 20 	1+6.31 15.65 3 1+. 1+7 
3RN0 	within 	8 	19.52 4.85 12.15 
food 
71.39 25.1+3 55.01+ .36 ± .13 
(P < .025) 
28.00 7. 1+5 1+2.30 .i 
55. 1+5 11.78 21.83 .zt 
99.11 21+.58 12.21 .s 
225. 1+0 67.21+  66.00 •c 




Regressions of offspring (mean of the sexes) on sire for 




1 x2  Ixy 
Offspring 
£y2 	b 
9 91.54 11h97 8.42 
20 84.13 -26.55 3+.+7 
within 	8 45.96 12.15 
food 
pooled 	37 221.63 -20.02 55.0+ -.09 ± .08 
(N. S. 
9 18.32 16.17 +2.30 	•I 
10 71.02 10.96 21.83 	.15 
10 75.01 -9.38 12.21 - .12. 
within 	36 316.71 69.94 66.00 .t food 















(weight gain) in this population. The regression of offspring on 
mid-parent (.39 t .08 9 P .001) is, itself, one estimate of h 2 
which will be valid if there are no important maternal effects 
correlated environmentally with the character. However the re-
gression of offspring on darn is high (.27 ± .06, P <.01), which 
suggests the presence of important maternal influences correlated 
with gain. In the absence of knowledge of the extent to which 
this correlation is environmental, it is safest to assume it to 
be entirely so and to estimate h 2 as twice the regression of off-
spring on sire. This gives an estimate of h2 = .36 t .13, which 
differs very little from the estimate obtained in the regression 
of offspring on mid-parent. 
Selection and ResDonse 
In the RN lines, selection was carried out entirely within 
litters. The selection differential was calculated as the mean 
deviation from litter mean averaged for male and female parents. 
More than 90 per cent of the RN matings made produced and reared 
litters, so there is no possibility of the realized selection 
differential differing appreciably from that expected. 
The generations of the 1RN selected line did not coincide 
with the generations of the control line that was maintained in 
the reciprocal recurrent selection experiment, and, therefore 
no valid correction for environmental fluctuations can be applied. 
But it is possible to observe that during the period covered by 
the lEN selection line - which includes control generations 2 9 3, 
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and + - the trend in the control was very slightly negative. Thus, 
the response calculated on the basis of uncorrected generation 
means may slightly underestimate the real response to selection. 
There was only one selected generation in the 21U1 line, with se-
lection pressure applied in both directions high (2RNH) and low 
(2RNL). Since these groups were reared contemporaneously, the 
difference between the group means gives a measure of the response 
to selection that is independent of environmental trends. (These 
are two of the groups that contained a food difference in their 
rearing regime. The food lots are averaged to give the group 
means.) 
In Table 12 are presented the selection differentials 9 the 
generation means (sexes averaged) and the appropriate regressions 
for the BK selected lines. The same information is presented 
graphically in Fig. 7. 
In line 1BN, the realized heritability is the regression 
of the generation mean on the cumulative selection differential, 
which is .38 t .25, P .05. In 2RNH and L, the realized herita-
bility is simply the ratio of the difference between the high (H) 
and low (L) group means to the selection differential by which 
their parental groups were separated. This is 1.72 ± .27/3.49 = 
.49 ± . 08. Thus the realized heritabilities are fairly consistent 
with one another. 
These realized heritability values pertain strictly to 
within-litter selection. Their relationship to the overall herit- 
Table 12 
Selection differentials and gross generation mean 'gain' (sexes averaged) 
for the RN selected generations, with regressions on generations and on 
cumulative selection differential for 1RN, and ratio of response to se- 
lection differential for 211N11 and L. Units are gin, weight gain between 




	Generation differential sl.dif. gen. mean 
0 	 - 	 - 	19.35t.25 
1 	1.f2 	1.1+2 	19.00 	.35 
	
0' 
2 	1.19 	2.61 	20.86 t .33 
3 	1.32 3.93 	20. 1+0 t .32 
b, mean on generation 
	 b = .50 t .32,  P > .05 
	
b, mean on cumulative gel. dif. 	 b = .38 .25, P.05 
2RNL 1 -1.63 	- 18.38 .18 
H 1 1.86 - 20.10 ± .18 
Difference, H-L 	 3.+9 	 1.72 t .27 
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NII were produced by parents of the same 
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ability, h2, is given by the following equation 
h2h2w (l-t) 
(1 - r) 
where h2w is the within-litter heritability and r is the genetic, 
and t the phenotypic correlation between litter-mates. In non 
inbred material such as this, the genetic correlation between 
litter-mates is .5. The value of t must be determined by analy.. 
sis of variance between and within litters as follows 
Vb 
t Vb+VW- 
where Vb is the between-litter variance component, and V w Is 
the within-litter variance component. 
The apropriate mean squares are presented in Table 13. 
The mean squares were first pooled for all the RN selected groups 
to give estimates for each sex. Since these were found not to 
differ significantly, they too were pooled to yield single esti-
mates for all the RN selected generations. There was little 
variation in subclass numbers (i.e, number of mice of each sex 
per litter) so no correction for disproportionality was made. The 
mean subclass size, 2.9 9 was used to estimate Vb from the between 
litter mean square. The result was as follows 
I Vb 	VV til 
Pooled within sexes 




Within- and between-litter mean squares for RN selected 
groups, pooled for each sex and for both sexes combined. 
Subclass size = 2.9. Units are gm. 2 gain between wean-




d.f. 	M.S. d.f. 	M.S. 
Males 
Between 	Within 
d.f. 	M.S. d.f. 	!4.S. 
9 11.22 18 4-39 9 20.67 21 1.98 
RN2 10 9.19 18 5.09 10 10.27 19 +.08 
RN3 10 5.4.0 20 +.96 10 9.25 19 5.83 
2RNH new 
food 
8 5.55 18 3.02 8 7.21 18 5.35 
H old & 3.52 15 2.2+ 9 5.81 19 3.88 
L new 9 . 1 f3 21 1.71 9 1.91 18 3.82 
L old 8 6.58 15 2.85 8 5.32 20 2 .70 
Pooled 62 6.64 125 3.9 63 9.17 134 3.90 
Sexes pooled 
8etw2en Within 
d.f. M.S. d.f. M.S. 




VB 	VW 	t1 
Females 	1.08 	3.1+9 	.21+ 
RN 
Males 	1.82 	3.90 	.32 
Sexes pooled 	1.1+6 	3.70 	.28 
This value of t may now be used to estimate h 2 from the 
realized within-litter heritabilities (.38 t .25, and .9 t .08) 9  
Substituting in tho equation, 
h2 = h2w 	(1 - t) = (.38 ± .25)(1 - .28) = . 	± .+o - r) 	 (1 - . 5) 
= (. 1e.9 ± .08)(]. 	.28) = .70 	.12 
these estimates are considerably higher than the estimate of h2 
based on offspring-sire regression, (.36 ± . 13)9 but this need 
not cause much concern. The important point is that even the 
lowest of these estimates holds forth a good prospect for Improve-
ment of the character. 
CONC L,TJSION 
Combining the R and N lines produced a population free of 
fecundity troubles, in which high estimated and realized herita. 
bilities, for the very early generations at least offered promise 
of continued improvement of the character for some generations to 
come. This is in marked contrast to the disappointing results of 
the reciprocal recurrent selection experiment. 
DISCUSSION 
Despite the fact that, when these experiments were under. 
taken, the purebred lines were thought to have reached a selection 
limit, both exhibited an unmistakable positive trend (see Fig. 1) 
under continued within-litter selection while the experiments were 
in progress. In the N line, the relative stability of the previ-
ous generations inspires confidence that a limit had been reached, 
and that the positive trend observed probably represented no more 
than sampling and environmental fluctuation. 
In the B line, however, the balance tips the other way. 
There has never been a stable period in its selection history, 
and since its disastjous decline phase, improvement has been 
quite steady. It is thus virtually impossible to accept that the 
R line, as used in this experiment, had ceased to respond to se- 
lection. 
The conclusions of the preceding paragraph, along with 
other evidence gathered during the reciprocal recurrent selection 
experiment, make it possible to state an opinion on the genetic 
situations underlying the reactions to selection of the R and N 
purebred lines. The evidence is devious and tenuous, and the 
opinions must necessarily be tentative, nonetheless, they are con-
sidered worth recording. 
The N Line 
In the introduction to this thesis, two types of over-. 
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dominant genetic situation were discussed which could lead to 
a typical selection limit such as that apparently reached in 
the N line. In the first, where natural selection is not in-
volved, the heteroygote being favoured purely for its effect 
on the scale of artificial selection, there should be no addi- 
tive genetic variance remaining when the limit is reached. But, 
in the N line, analysis of variance indicated the persistence of 
considerable additive genetic variance, even after 27 generations 
at the limit s so this simple overdominance situation cannot in 
this case s be implicr ted as a major contributing factor to the 
limit. 
The other overdominant situation considered - 
that which could result if a gene with additive beneficial 
effects on the scale of artificial selection were discriminated 
against by natural selection would lead to a selection limit 
with the following characteristics, (1) the continued presence 
of additive genetic variance s (2) an immediate response to re-
versed selection, (3) a decline in performance with the relax- 
ation of selection, and 00 an association between high performance 
on the scale of artificial selection and high losses due to natural 
selection. 
The first two of these expectations were clearly realized 
at the limit in the N line. Additive genetic variance was demon- 
strated by analysis of variance, and reversed selection from gener-
ation 3- 9 seven generations after the limit was apparently reached, 
elicited an appreciable response (see Fig. 1). A relaxed selection 
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line was started at generation 27, the peak generation, and 
carried for 7 generations. The performance of this relaxed 
line did not separate from that of the selected 11ne although 
both did decline. Therefore unless one invokes different ex-
planations for the same behaviour in the two lines, it cannot 
be concluded that relaxation of selection has affected the 
level of performance. 
The qustion of whether or not there was an association, 
in the N line, between losses duo to natural selection and 
performance on the scale of artificial selection, deserves more 
extensive discussion. In the limited data that was analysed 
here, no direct association could be established but only pre. 
weaning losses and losses due to non-fecundity were analysed. 
Since observations of pro-natal losses were not made for the 
N line as they were for the R line, selective elimination, prior 
to birth, of the potentially better performing zygotes would 
have gone undetected. 
There is some indirect evidence that this type of natural 
selection was in fact operating. The correlation between the 
number of young alive in the litter at the time of recording 
their birth, and the performance of their dam was negative s though 
admittedly non-significant, in all 3 generations analysed (see 
Table 10), indicating that the better performing dams, i.e. those 
that were heavier at +2 days of age, bore fewer live offspring. 
Since It is general experience that heavier female mice tend to 
bear larger, rather than smaller litters, this observation. 
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constitutes reasonably good, though indirect, evidence of 
natural selection, in the form of pro-natal mortality, acting 
in opposition to artificial selection. 
It is possible, then, to say that, on the whole s the data 
supports the supposition that effective overdominance, result- 
ing from an antagonism between the aims of natural and artificial 
selection, was an Important factor in limiting the selection re-
sponse of the N line. But t since the evidence for the opposition 
of natural selection is only Indirect, and the effect of relaxing 
selection appears contrary to expectation, It is, unfortunately, 
not possible to be any more decisive than that. 
The R line 
The history of the R line is atypical In that the initial 
period of response to selection was followed by a very rapid 
decline to below the performance level of the base population. 
The line then recovered to about the base population level by 
the time the foundation stock for the reciprocal recurrent se-
lection experiment was taken. At that time, it was thought that 
the recovery had ceased, but It now appears that it had not. In 
fact, the recovery phase, or 'second response' continued at a 
rate more or less equal to that of the initial response until 
the line was discontinued. 
Both the 'response phases' In the history of the R line 
can be explained as response to the selection being practised, 
but an explanation must still be found for the decline phase, 
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where j despite continued selection, the line lost more per-
formance in 5 generations than It had gained In the preceding 
19 generations. This decline could have resulted from a genetic 
change or an environmental change. The possibilities of a ge-
netic change will be considered first. 
The most probable way In which a genetic change of this 
magnitude, and contrary to the direction of selection, could 
have come about is an aocidental out-cross to a smaller line. 
But whereas it is universal experience that such an out-cross 
in a highly selected line leads to greatly Improved fecundity, 
the fecundity of the R line reached its lowest ebb during the 
decline phase. So the possibility of an accidental out-cross 
cannot be seriously considered in this ease, 
In view of the low fecundity observed during the decline 
phase, it might be argued that the decline represented a rapid 
change In gene frequencies due to very severe natural selection 
against 42 day weight. Then the 'realized' selection differ-
ential (parental mean deviation from litter mean, weighted by 
the number of offspring contributed to the next generation) 
should be less than the expected (unweighted) selection differ-
ential. The pertinent selection differentials and generation 
means are tabulated in Table 	where it can be seen that, in 
total s the realized selection differential was the greater, not 




Mean 2 day weight and selection differentials 
expected (unweighted) and realized (weighted by 
number of offspring reared) for generations of 









19 .82 .60 37.3 
20 .39 .40 33.1 
21 .68 .90 33.6 
22 .22 .30 27.2 
23 .91 1.08 28.2 
24 88 .83 21.0 
2 .63 .6+ 28.2 
Total f.53 4-75 
The rapidity, and the extent of the decline argue against 
any genetic explanation. It seems more likely that it resulted 
from the imposition of a new environmental stress specific to 
the R 1ino which changed the selective value of the genes still 
segregating in the line. On this view, the minimum performance 
level reached would represent the value of the average genotype 
in the new environmental conditions. The fact that the decline 
continued for 5 generations does not necessarily oppose this 
hypothesis, since the new environmental stress may have taken 
several generations to develop fully. 
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As regards the exact nature of this hypothetical environ-
mental stress nothing conclusive can be said. Environmental 
conditions were kept as constant as possible, but certain types 
of permanent change, such as accidental introduction of a new 
parasite, could not be completely ruled out, and others, such 
as a change in the composition of the food s were occasionally 
made Intentionally. During the latter part of its history, the 
R line suffered severely from mites s but these were known to 
have been present in the mouse laboratory throughout the history 
of the line, so they are unlikely to have caused the decline. A 
change In the food composition, introduced while mice of gener-
ation 21 were growing, is another possibility, but it looks very 
much as if the decline had already begun before this change took 
place. 
While it is not now possible to establish the exact cause 
of the decline in performance suffered by the R line, it is 
suggested here that it resulted from the imposition of unde-
termined new environmental stress specific to this line. This 
constitutes a special case of the much discussed phenomenon of 
genotype-environment interaction s in which a relatively small 
change in environment is thought to have altered, and perhaps 
even reversed the selective values of the segregating genes. 
Numerous cases have been cited in which a major environmental 
change has had this type of effect. One of the best known of 
these Is the industrial melanism of Lepldoptera (Kettlewell, 
1955), and, closer to home, there is the work reported by 
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Falconer (1960) in which it was found that improvement made by 
selection for growth of mice on a high plane of nutrition was 
not manifested on a lower plane of nutrition. In view of the 
increased sensitivity to environmental effects that often 
accompanies intense selection, it seems likely that a stage 
could be reached at which a very minor environmental change 
might similarly affect selective values. In such a situation, 
the minor environmental fluctuations known to occur even in the 
experimental conditions used here might intermittently reverse 
the genetic effects of selection pressure and thereby impose a 
limit to further selection progress while additive genetic 
variance was still evident in the population. 
THF. RECIPROCAL RECUflRENT SELECTION EXPERIM EN, 
Much of the improvement realized in the reciprocal re-
current selection experiment of Bell et p1. (1955)9 and all 
of that achieved In Bowman's (1958)  recurrent selection experi-
ment, could have been achieved more efficiently by selection 
within the line. But these selection methods will not be of 
practical value unless they can produce improvement In situations 
where within-line selection cannot t so lines were chosen for this 
experiment that were thought to be incapable of further resnonso 
to within-line selection. In this way it was hoped to test re-
ciprocal recurrent selection under the conditions for which it 
was designed. 
It now appears that the R line was responding to within- 
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litter selection, but this fact does not impair the final ap-
praisal of the selection experiment. This final appraisal 
took the form of a comparison between cross-brads of the lines 
subjected to reciprocal recurrent selection and comparable cross-
breds of subpopulations of the same lines subjected, instead, to 
continued within-litter selection. In this comparison, any su-
periority of the final test-crosses could be credited specifically 
to reciprocal recurrent selection. No such superiority was 
found, however, and it must be concluded that, although the 
cross-bred mice were superior to the purebreds, reciprocal re-
current selection failed to increase this superiority. The only 
advantage it did confer, then,was realized in the first cross, as 
In the case of Rasmuson (1956). 
The most obvious factor contributing to the failure of the 
reciprocal recurrent selection was very poor fecundity in the 
pure lines which severely limited the total selection differ-
ential that could be applied. There was no lack of genetic vari-
ation for crossing ability, as indicated by analysis of variance, 
and perhaps Improvement might have been achieved, had fecundity 
not Interfered. But fecundity did interfere s and there are the 
following good reasons for expecting that it would generally, if 
not always, Interfere. 
Since very ancient times, it has been known that a decline 
of fertility and vigour typically accompanies inbreeding, i.e. 
increasing homozygosity, yet this is exactly what reciprocal re- 
current selection is trying to do. The ultimate aim of reciprocal 
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recurrent selection is to render the purebred lines homozygous 
at every locus affecting the performance of their cross. In 
the N line there was some suggestion that genes opposed by 
natural selection were contributing to the genetic variance of 
performance. Should such genes interact more favourably than 
their alleles with whatever occupies the same locus in the 
complementary line, reciprocal recurrent selection would act 
specifically to depress the fecundity of the purebred line. 
The fecundity of the R and N lines used in the reciprocal 
selection experiment was, on the whole s worse than that of the 
same lines under continued within-litter selection. It now 
seems possible that this was a direct result of the type of se- 
lection applied, a view which is supported by the data of Table 2 9 
where it will be noted that the realized selection differential 
of males to produce females (where weighting Is by number of 
female progeny rearing litters) was generally lower, or more 
negative, than that expected (where weighting is by number of 
female progeny put up in matings). In other words, the sires 
with better crossing ability left fewer fecund female offspring. 
This latter point must remain a suggestion only, as the 
data available does not warrant a firm conclusion, but, as regards 
the overall interpretation of this experiment, the following firm 
conclusion Is possible. When applied in this situation, the type 
of situation for which it was designed, reciprocal recurrent 
selection yielded no iniprovament. Furthermore, the conclusion 
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is final in this case, since, by the end of the experiment, 
extinction of both purebred lines was imminent. 
SELECTION FROM THE CROSS-BRED FOUNDATION 
The result of selecting from the F2 base population was 
substantially in agreement with theory. Heritability estimates 
indicated the presence, in the new lines of considerable addi-
tive genetic variance, and the response to the selection applied 
proved that, in the very early generations at least, this vari-
ance could be used to improve the character. 
In Fig. 8, a diagrammatic 'selection pedigree' for the 
RN mice is presented, tracing them back to the Goodale, MacArthur, 
and Falconer large selected lines. This figure shows, In terms 
of 42 day body weight the initial performance of the Goodale 
and MacArthur large lines and the performance level they had 
aohiaved 1when crossed to make the foundation population for the 
R line. For the R and }T lines, more detailed information is 
available, and it is possible to show the phases of response 
(referred to earlier in this thesis). The heritabilities given 
refer to the first few generations of each selection line. The 
information was not available for Góodale's line, and, since the 
R line was selected in a complex manner during its first 12 gener-
ations the h2V accompanying it applies not to itself but to with-
in-..litter selection from an identical base population (Falconer 
and King 1953). 
The point to be made here Is that the prospect of Improve- 
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mont from the RN base population is as good ao was the prospect 
for any of the previous base populations in its pedigree, de-
spite the fact that it represents the culmination of some 80 
generations of selection, during which a response of 13 gin., or 
65 per cent of the initial performance level, has been realized. 
The selection limits reached in the G, H, and N lines (the R 
line is a special case) have been superseded, and, there is no 
apparent reason why, with appropriate combining of lines, improve-
ment should not continue to be made at a rate equal to that real-
ized in the past. In fact s the rate might well be increased If 
long periods of selecting against a limit are avoided by com-
bining lines as soon as it is apparent that a limit is being 
approached. 
Notwithstanding the optimism of the preceding paragraph, 
two notes of caution must be sounded. First, it is clearly shown 
in Fig. 8 that, by the time the RN line was started, all of the 
considerable Improvement initially obtained in the R line had 
been lost again, despite continued selection. At the present 
time, this result may be considered atypIcal but, should it be 
found to be more general in more highly selected populations, 
the practical implications would be serious. It has been pro-
posed earlier in this thesis that this decline of performance 
was due to an environmental influence specific to the R line, 
which suggests that in the course of the selection programme, 
an unusually high specificity was developed between the genotype 
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Fig. 8. Diagrammatic representation of response to selection for body weight (adjusted 
to 1+2  day level) of mice. G is Goodale's large line, N is MacArthur's large line, N is 
Falconer's large line, and R is a line selected from the cross of Goodale's and MacArthur's 
lines. 	2 
h is the h2 appropriate to within-litter selection. That for the R line 
(bracketed) is taken from a different, but comparable, selection line (see text). 
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of livestock will be subjected to a much broader range of 
environment than was the R line of mice, thus, if there is 
danger of improved strains becoming this highly specific to 
the environment in which they are selected, the environmental 
range will have to be given more consideration in selection 
programmes. 
Secondly, it is obvious that animal improvement based on 
the combining of selected lines is conditional upon the availa-
bility of lines to combine. Thus, concentration on the one line 
that is currently best s at the expense of other genetically differ-
ent lines, might prejudice the possibilities of improvement in 
the future. Furtherruore, this type of breeding programme reduces 
the number of lines by one half every time a limit must be over-
come. If the programme Is to continue, therefore, new lines must 
continually be introduced. 
STJ11ARY AND CONCLUSIIi 
Two lines of mice with long histories of selection for 
high body weight, at least one of which had apparently ceased 
to respond to selection s were subjected to two different selection 
procedures in an attempt to obtain further improvement. One 
method, reciprocal recurrent selection for cross-bred performance, 
was essentially selection of purebred sire progenies (offspring 
of 1 to + dams) on the basis of the performance of cross-bred 
offspring of the same sire. Very little selection was achieved, 
mainly because of the poor fecundity of the purebred lines, which, 
after the 5 generations of reciprocal recurrent selection programme, 
were close to extinction. Cross-breds of subpopu].ations of the 
same lines, that had been subjected to continued within-litter 
selection instead of reciprocal recurrent selection, performed 
slightly better than the cross-brads resulting from the reciprocal 
recurrent selection programme, so it is concluded that, in this 
case s this method of selection failed to yield any improvement. 
The other procedure tried, selection In the F2 and subse-
quent generations of the cross between the two lines, yielded 
high offspring-parent regressions, and the response to within-
litter selection (in the very early generations at least) corre-
sponded to a realized heritability of about .Li. 
It is therefore concluded that selection limits reached 
in animal improvement programmes can probably be overcome by 
combining separate lines (controlled out-crossing) and continuing 
selection from the cross-bred foundation - a procedure that Will 
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generally be preferable to reciprocal recurrent selection. 
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